ABSTRACT -Ubiquitin-conjugating enzymes involved in sensitivity to methylmercury in yeast were identified by deletion analysis, which showed that Ubc2-or Ubp13-deficiency conferred resistance to methylmercury. Whi2, which was previously shown to be associated with increased methylmercury toxicity and is intracellularly degraded via the ubiquitin-proteasome system, was expressed at significantly lower levels in Ubc2-deficient yeast than in wild-type yeast. Ubc2/Whi2 double-deficient yeast showed neither an additive nor synergistic increase in methylmercury resistance. Our results indicate that Ubc2 may increase the sensitivity to methylmercury in yeast by inhibiting the proteasomal degradation of Whi2.
INTRODUCTION
Methylmercury is a pollutant widely known as the causative agent of Minamata disease Sanfeliu et al., 2003; Watanabe et al., 2012; YaginumaSakurai et al., 2012; Yoshida et al., 2011) . The ubiquitinproteasome system, which functions as a selective protein degradation system, plays a role in methylmercury toxicity (Hwang et al., , 2005 (Hwang et al., , 2006 (Hwang et al., , 2009 (Hwang et al., and 2012a . Protein ubiquitination occurs through a series of steps catalyzed by E1ubiquitin-activating enzymes, E2 ubiquitin conjugating enzymes, and E3 ubiquitin ligases (Pickart, 2001) . Polyubiquitin chains formed by these enzymes are involved in signal transduction and protein transport, and target proteins for proteasomal degradation (Pickart and Fushman, 2004; Sun and Chen, 2004) . Overexpression of Cdc34, a ubiquitin-conjugating enzyme, confers resistance to methylmercury in yeast by enhancing the ubiquitination and subsequent proteasomal degradation of Whi2, a protein that increases methylmercury sensitivity in yeast (Hwang et al., 2012b) . Another study showed that overexpression of Ubc4 or Ubc7, as well as Cdc34, confers resistance to methylmercury in yeast . However, the involvement of other ubiquitin-conjugating enzymes in methylmercury toxicity is unknown. In the present study, we performed a deletion analysis to identify ubiquitin-conjugating enzymes involved in the sensitivity to methylmercury in yeast.
MATERIALS AND METHODS

Yeast strains and media
The wild-type yeast strain BY4742 (MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0) and deletion strains in the same genetic background were purchased from Euroscarf (Frankfurt, Germany). Yeast cells were grown in yeast extract-peptone-dextrose (YPD) medium or in synthetic dextrose (SD) medium at 30°C. The URA3-based plasmid pKT10-WHI2-HA was introduced into yeast cells using the lithium acetate procedure .
Quantification of methylmercury toxicity in yeast cells
For the spot test analysis, yeast cells (10 6 cells/ml) were grown in SD liquid medium containing methylmercuric chloride at various concentrations. After incubaDeletion of the ubiquitin-conjugating enzyme Ubc2 confers resistance to methylmercury in budding yeast by promoting Whi2 degradation
Gi-Wook Hwang 1 , Fujio Mastuyama 1 , Tsutomu Takahashi 1 , Jin-Yong Lee 1,2 and Akira Naganuma 1 tion for 3 hr, cells were centrifuged and each pellet was suspended in 0.1 ml sterilized water. An aliquot (5 μl) of each suspension was spotted onto agar-solidified SD medium and incubated for 20-24 hr at 30°C.
Immunoblotting of Whi2-HA Yeast-cell lysates were prepared, and immunoblotting was performed as described elsewhere. Yeast cells (5 × 10 6 cells/ml) were grown in 10 ml of SD (−Ura) liquid medium for 3 hr and harvested. Approximately 0.1 ml of cell pellet was fixed in 10% trichloroacetic acid on ice for 30 min and then disrupted with glass beads in TE [100 mM Tris-HCl (pH 9.5) and 10 mM EDTA] and solubilized with lysis buffer containing 1% SDS. Yeastcell lysates were separated by SDS-polyacrylamide gel (12.5%) electrophoresis, and proteins were transferred to an Immobilon-P membrane (Millipore Corporation, Billerica, MA, USA) and subjected to immunostaining with anti-HA (Roche, Indianapolis, IN, USA) or antiactin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies.
RESULTS AND DISCUSSION
Of 13 known ubiquitin-conjugating enzymes, Cdc34 and Ubc9 are essential for yeast growth. Therefore, we examined the methylmercury sensitivity of 11 ubiquitinconjugating enzyme-deficient yeast strains and showed that yeast cells deficient in Ubc13 or Ubc2 were more sensitive to methylmercury than wild-type yeast (Fig. 1) . Yeast strains deficient in other ubiquitin-conjugating enzymes did not show significant differences in methylmercury sensitivity from that of the wild type (data not shown). We previously reported that overexpression of Cdc34, Ubc4 or Ubc7 confers resistance to methylmercury in yeast . In the present study, Ubc4 or Ubc7 deficiency did not significantly affect the methylmercury sensitivity of yeast, suggesting that other ubiquitin-conjugating enzymes compensate for Ubc4 or Ubc7 deficiency.
Ubc2 and Ubc13 are involved in the formation of lysine 63 (K63) linked polyubiquitin chains, and play a role in DNA repair and replication by catalyzing the K63-linked ubiquitination of the proliferating cell nuclear antigen (PCNA) (Hoege et al., 2002; Stelter and Ulrich, 2003; Ulrich and Jentsch, 2000) . Lysine 48 (K48) linked polyubiquitin chains function as a signal for the proteasomal degradation of proteins, whereas the attachment of K63 linked polyubiquitin chains mediated by Ubc2 and Ubc13 does not target proteins for degradation (Pickart and Fushman, 2004; Sun and Chen, 2004) . Overexpression of Cdc34 promotes the proteasomal degradation of ubiquitinated Whi2 and therefore plays a role in acquired resistance to methylmercury (Hwang et al., 2012b) . However, K63 ubiquitination mediated by Ubc2 and Ubc13 may affect the proteasomal degradation of Whi2. Therefore, we examined the effects of Ubc2 or Ubc13 deficiency on the intracellular level of Whi2, and showed that Whi2 levels were significantly lower in Ubc2-deficient yeast than in wild-type yeast, but not in Ubc13-deficient yeast ( Fig. 2A) . This result suggested that the Ubc2-mediated K63-linked ubiquitination of Whi2 inhibits its proteasomal degradation. To clarify the involvement of Ubc2 and Whi2 in methylmercury toxicity, we examined the sensitivity of Ubc2/Whi2 double-deficient yeast to methylmercury, which showed that deficiency in both Ubc2 and Whi2 did not result in an additive or synergistic increase in methylmercury resistance (Fig. 2B ). This suggests that Ubc2 and Whi2 are involved in the development of methylmercury toxicity through the same pathway, probably via a decrease in the intracellular level of Whi2 mediated by Ubc2 deficiency. This conjecture is supported by the observation that treatment with a proteasome inhibitor decreased the methylmercury resistance of Ubc2-deficient yeast (data not shown). Ubc2 may promote the K63-linked ubiquitination of Whi2, thereby suppressing its proteasomal degradation and increasing the methylmercury sensitivity of yeast. The association between methylmercury toxicity and Ubc2-or Cdc34-mediated Whi2 degradation should be investigated further to elucidate the role of ubiquitin-conjugating enzymes in the development of methylmercury toxicity. 
